Due to its unique electronic and mechanical properties, carbon nanotubes (CNTs) have been attracting much attention as favourite catalyst supports for energy conversion and storage applications. However, CNTs require molecular engineering such as solubilization and surface modification or functionalization to tailor their surface properties for the catalyst support applications. Among various functionalization methods, non-covalent functionalization is preferred, because it enables the attachment of molecules, solvents or polyelectrolytes through π-π, CH-π or hydrophobic interactions, forming effective active sites for the uniform assembly and dispersion of Pt-based precursor and/or nanoparticles (NPs) and at the same time preserving the intrinsic electronic and structural integrity of CNTs. Noncovalent functionalization is also effective to incorporate multi-component electrocatalyst system with significant enhanced synergistic effect. Here, the progress in the synthesis and development of highly dispersed Pt, and Pt-based NPs such as PtRu, PtSn and PtPd on noncovalent functionalized CNTs will be presented. The significant effect of interactions between CNTs, Pt-based NPs and functionalization agents on the electrocatalytic activity of Pt-based NPs on non-covalent functionalized CNTs is discussed.
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Introduction
Proton exchange membrane fuel cell (PEMFC) is an energy conversion device to electrochemically convert the chemical energy of fuels such as hydrogen, methanol, ethanol and formic acid to electricity with high efficiency and low greenhouse gas emission. [1] [2] [3] PEMFC has been identified as a clean energy source and has a potential to reduce the energy dependence on fossil fuel.
1, 4, 5 The development of a highly active, low cost and durable electrocatalyst is one of the critical challenges for the commercial viability of PEMFC technologies. Pt and Pt-based alloy is the most effective and commonly used electrocatalyst for reactions such as oxidation of hydrogen, methanol and formic acid and oxygen reduction reactions in PEMFCs. 6-9 However, a major hindrance to the commercialization of the PEMFC technologies is the high cost associated with the Pt-based electrocatalysts due to scarce resources. Thus, much effort has been spent on enhancing the utilization efficiency of Pt to reduce its loading and to improve the fuel cell performance. 6, 7, 10 Currently, a number of catalyst systems with reduced Pt-based catalyst loading and enhanced electrocatalytic activity have been proposed including Pt alloys, [11] [12] [13] [14] [15] [16] Pt nanoparticles (NPs), 17, 18 Pt nanotubes and nanowires 19, 20 core-shell Pt NPs [21] [22] [23] and Pt-free electrocatalysts. [24] [25] [26] [27] The size of nano-structured Pt-based electrocatalysts plays a key role in their electrocatalytic properties. 9 In most cases, NPs of a small size are favourable to increasing the catalytic activity of Pt. [28] [29] [30] However, since Pt NPs are easily aggregated in solution or during the fuel cell operations, unique surface modifications and/or a support material with good conductivity, high surface area, and strong interaction with the NPs are greatly desired. [31] [32] [33] The most common approach is to use high surface area carbon-based supports to uniformly distribute and deposit nano-structured Pt catalysts to increase activity and stability. The ideal support materials for the fuel cell catalyst system should have good electrical conductivity, large surface area for electrochemical reaction, adequate hydrophilic properties for fast water and reactant transportation to and from the active sites, the strong interaction with metal catalyst precursor or NPs. The most common supports for Pt-based electrocatalysts are high surface area carbon, carbon nanotubes (CNTs), graphene and nano-structured carbon. [34] [35] [36] The ordered mesoporous carbons (OMCs) also show a promising potential as catalyst supports in fuel cells due to their very high specific surface areas (up to 2000 m 2 g -1 ), uniform pore size in the range of 2-10 nm and high thermal, chemical and mechanical stability. 37, 38 The structural, chemical and thermal stability of the carbon-based support is critical for the activity and stability of Pt-based electrocatalysts as carbon corrosion is considered to be one of the most important durability issues for fuel cells. 39, 40 Among them, high surface area carbon or carbon black (CB), especially Vulcan XC-72 is the most widely used support for
Pt-based electrocatalysts of fuel cells. However, CB suffers from thermochemical instability and low electrochemical corrosion resistance under fuel cell operating conditions. [41] [42] [43] [44] As carbon corrodes, Pt NPs will detach from the CB supports and aggregate into large particles, resulting in the loss of electrocatalytic surface area and subsequently reducing the performance of fuel cells.
CNTs are promising supports of Pt-based NPs mainly because of their excellent conductivity, ultrahigh surface area and good chemical, thermal and structural stability. 45, 46 Graphitized CNTs are more intrinsically resistance to corrosion. 42 However, due to their high aspect ratios and strong van der Waals interactions, pristine CNTs are difficult to disperse in water and the surface is very inert with few binding sites for homogeneously attaching metallic NPs and/or their precursors. [47] [48] [49] Therefore, it is necessary to develop surface treatment methods to exfoliate bundled CNTs and modify the surface of CNTs to enhance the dispersion of Pt-based NPs. 46, [50] [51] [52] Covalent modifications based on surface oxidation treatment are perhaps the most widely used methods. 18, 53, 54 Various oxidants can be used including HNO 3 , H 2 SO 4 , H 2 O 2 and HF. The strong acid oxidation treatment introduces hydrophilic groups such as hydroxyl (-OH), carboxyl (-COOH) and carbonyl (-C=O) groups to the CNT surface by the modification of the aromatic conjugate ring system of CNTs. 55, 56 The oxidized CNTs can be dispersed in water and the surface functionalized groups have strong attraction forces as the active sites for the synthesis or deposition of metallic NPs such as Pt 18, 57 and Pd 58 in the presence of reducing agents such as NaBH 4 and ethylene glycol (EG). Pt NP catalysts on covalently functionalized CNTs exhibit enhanced electrocatalytic activity and stability as compared to Pt NPs supported on high surface area carbon, Pt/C. 18, 55, 59 Unfortunately, the strong acid treatment inevitably generates a number of defects, alters the electronic structure and therefore deteriorates the structural stability and corrosion resistance of CNTs. 53, 54 Moreover, these approaches introduce Pt-based NPs mostly at defects and ends of CNTs, resulting in non-uniform distribution and agglomeration. 18 In contrast, non-covalent or physical modification approach is a much more mild process, which preserves the intrinsic sp 2 hybrid state and intrinsic properties of CNTs. 60 There are large number of molecules including surfactants, 61 aromatic compounds, 16 polymers or polyelectrolytes, [61] [62] [63] [64] [65] [66] which can be used as non-covalent functionalization agents. The functional groups or charged sites of the functionalized molecules serve as the effective active sites for the assembly and anchoring metal precursors and NPs. 54, 67 For example, Li et al assembled CdS and Pt NPs on 1-aminopyrene (1-AP)-functionalized CNTs. 68 Ou et al deposited gold NPs on CNTs by use of 1-pyrenemethylamine to functionalize the CNTs. 69 We investigated extensively the use of a variety of polyelectrolyte and solvents such as poly(diallyldimethylammonium chloride) (PDDA), 67, [70] [71] [72] polyethylenimine (PEI), 73 1-AP, 16 tetrahydrofuran (THF), 49 and chitosan (CS) 74 to functionalize CNTs as Pt-based catalyst supports. In this paper, we will first review the current progress concerning the effect of Pt NP size on the electrocatalytic performance, followed by the main focus of this review on the progress in the non-covalent functionalization of CNTs, and their use as a support of Pt and 
Electrocatalytic activity of Pt NPs
One of the main driving forces for the development of non-covalent functionalization methods is to create uniformly distributed binding/active sites for the deposition of finely dispersed Pt-based NPs on CNTs as the catalytic property of Pt NPs is closely related to the particle size. Thus before the discussion on the functionalization methods and the effect of interaction between the functionalization agents, Pt NPs and CNTs, it is helpful to briefly review the effect of Pt NP size and surface treatment on the activity and stability of Pt-based NPs.
Effect of size of Pt NPs
For large Pt NPs, bulk of the material will not be available for the electrochemical reaction as the electrocatalytic reaction only occurs on the surface. With the reduction in size, more Pt atoms are exposed on the surface, leading to an increased active surface area and utilization efficiency of the Pt. However, studies have revealed that the intrinsic catalytic properties of the material change with particle size due to a combination of localized coordination effects, changes in surface site distribution and surface relaxation. [78] [79] [80] The effect of Pt NP size on the catalytic activity for the methanol and formic acid oxidation reaction was studied on carbon nanofiber (CNF) supported Pt NPs (see Fig.1 ).
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CNF supported Pt NPs with different sizes were synthesized at different pH using ethylene glycol (EG) as reducing agent. The Pt NPs dispersed on platelet CNF are cuboctahedral particles, with the size spanning from 1.1 to 5.6 nm. The mass specific activities toward methanol and formic acid oxidation increase with the decrease of size from 5.6 to 1.8 nm, most likely due to an increase in electrochemically active surface area per unit mass.
However, the activities of supported Pt NPs decrease when the particle size is below 1.8 nm.
It has been found that after the electrochemical testing, the 1.5 nm and 1.8 nm Pt NPs seriously aggregated into large particles with very different morphology and shapes ( Fig.   1(II) ). The reduction of the electrocatalytic activity of Pt NPs with size below 1.8 nm is most likely due to the aggregation of Pt NPs, leading to the significantly reduced surface area. 28 The change in the particle size can also affect the crystallinity of the particles. Leontyev et al. studied the size effect on the oxygen reduction reaction on carbon-supported Pt NPs within the particle size range of 1.8-5.4 nm and Pt loading of 20% and observed a change of the particle shape and increasing fraction of the (111) crystal facets with the decrease of particle size. 81 The mass specific activity of Pt catalysts for the oxygen reduction reaction first increased and then decreased again with the decrease in the particle size, with the maximum activity achieved on Pt NPs with a diameter 2.7 nm. In the case of extremely small particles, the shape or crystalline facets of Pt NPs might be dominant over other factors in terms of the catalytic activity. The effect of Pt particle size on the activities for the oxygen reduction reaction in HClO 4 solutions was also studied by Shao et al. 82 The surface area specific activity increased by 4-fold when the particles changed from 1.3 to 2.2 nm and increased slowly with the further increase in the particle size, while the mass specific activity increased by 2-fold from 1.3 to 2.2 nm and decreased again with the further increase in the particle size. DFT calculations showed that the oxygen binding energy is the weakest for the 2.2 nm Pt NPs. For particles smaller than 2.2 nm, all the surface sites show a very strong oxygen binding energy, resulting in a very low electrocatalytic activity for the O 2 reduction reaction. 82 There is a size limit of Pt NPs in terms of their electrocatalytic activities for fuel cells.
Sun et al. studied the decline of the electrocatalytic activity of extremely small Pt NPs (~1 nm) toward hydrogen electrooxidation using both experimental and simulation approaches. 80 Pt
NPs with diameter of ~1 nm were synthesized using a high-surface-area mesoporous carbon black CMK-3 as a support, which is amorphous. MD simulation showed that this noncrystalline feature is a natural consequence of substantial reduction in the particle size ( Fig.   2(I) ). CO stripping results show that a positive shift in the peak potential is evident for Pt/CMK-3 (Pt NPs: 1 nm) compared to Pt/XC-72 (Pt NPs: 2.5 nm) and the peak of CO stripping on Pt/CMK-3 is wider than that on Pt/XC-72 ( Fig. 2(II) ), implying a stronger interaction of Pt/CMK-3 with CO, and slower kinetics and/or the surface nonuniformity. The 1 nm Pt NPs show a decrease in the reversibility of the electrode reaction and remarkable decline of the exchange current density toward hydrogen electrooxidation. DFT simulation indicates that the amorphous structure would lead to an enhancement in the interaction between the surface and adsorbates. Therefore, the Pt-H ads bond on Pt/CMK-3 is expected to be stronger than that on Pt/XC-72, adversely affecting the electrocatalytic activity.
Effect of surface treatment of Pt NPs
One biggest challenge for the application of Pt-based NPs is the structural stability associated with aggregation, dissolution and growth, which will cause a significant loss of electrical, optical and catalytic properties. monomer 1-vinyl-3-ethylimidazolium bromide to from an IL polymer (PIL) film on the surface of Pt NPs supported on 1-aminopyrene functionalized CNT (AP-CNTs) ( Fig. 3(I) ). 86 The PIL film provides mechanical isolation between Pt NPs, electrostatic and coordinative action between Pt NPs and N-heterocyclic cations of ILs. Similar cyclic voltammograms of methanol oxidation have been observed for both PIL/Pt NPs/AP-CNTs and Pt NPs/AP-CNTs electrocatalysts. However, the stability of Pt NPs is greatly improved by the protection of PIL thin layer (Fig. 3(II) ), due to the inhibiting effect of PIL thin films on the migration and agglomeration of Pt NPs.
We studied in details the polyelectrolyte-stabilized Pt NPs as electrocatalysts for
PEMFCs. 87, 88 Polyelectrolyte-stabilized Pt nanoparticles were synthesized by ethanol reduction of Pt precursor, H 2 PtCl 6 in the presence of ionic polyelectrolyes such as PDDA, poly(allylamine hydrochloride) (PAH), poly(sodium 4-styrenesulfonate) (PSS), Nafion, poly(acrylic acid) (PAA), poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMP) and non-ionic polymer, poly(vinylpyrrolidone) (PVP). The best electrocatalytic activities were observed on PDDA-Pt and PSS-Pt NPs, indicating the significant enhancing effect of the The surface treatment can also lead to the increase of electrocatalytic activity of Pt-based and produced highly reactive Pt-based electrocatalysts toward the oxygen reduction reaction. 91 The overall reaction mechanism is unchanged but kinetic analysis have shown that HPW films on Pt NPs exhibit some enhancement effect on the oxygen reduction, which could be due to the ability of HPW to form strong electroactive adsorbates on solid surfaces, its high reductive reactivity and fast electron transfer (mediating) capabilities, as well as its acidic characteristics leading to the increased proton mobility. Barczuk 92 HPMo is electroactive itself and may act as mediators of interfacial electron transfer during ethanol oxidation. It may also contribute to the bifunctional mechanism to provide oxo groups that can remove poisoning species from Pt surface.
Electrocatalytic activity of Pt NPs supported on non-covalent functionalized CNT
As shown early, CNTs are attractive materials as electrocatalyst supports, due to their high electronic conductivity, large accessible surface area, and excellent chemical and electrochemical stability. 15, 16 However, one intrinsic disadvantage is that the surface of pristine CNTs is very inert with few binding sites for Pt precursors and/or Pt NPs. Therefore, surface modification or functionalization of CNTs is necessary to introduce functional groups onto the surface of CNTs to enhance the dispersion and to provide the active sites for the adsorption and deposition of Pt precursor and/or Pt NPs. As compared to covalent functionalization of CNTs, non-covalent functionalization by polyelectrolytes and solvent significantly improves the distribution and electrocatalytic activity of Pt and Pt based alloy NPs on CNTs and graphene. 17, 63, 70, [93] [94] [95] Here, non-covalent methods for modifying CNTs will be first summarized and the approaches for the synthesis of Pt and Pt-based alloy NPs on non-covalent functionalized CNTs will be described.
Non-covalent functionalization of CNT
Non-covalent functionalization or physical modification of CNTs are achieved by the interaction between the functionalization molecules or agents and CNTs through various interaction modes such as π-π, hydrophobic, CH-π and charge transfer interaction. 60 Since
CNTs are a nanotubular structure composed of seamless single/multiple layered graphene sheets, many kinds of small molecules/polymers with a π-π conjugated structure can complex with CNT via π-π interaction. Conjugated polymers are a type of polymers with extensive π-π conjugated backbone. The hybrids of conjugated polymers and CNT can exhibit synergistic properties such as good stability, high mechanical strength, and high electrical conductivity of CNT and superior optoelectronic properties. 96 Therefore several studies have been reported to use the non-covalent interaction of conjugated polymer to disperse and functionalize CNT.
For example, polypyridinium salts have been synthesized and employed to form a strong π-π and cationic-π interaction with single-walled CNTs, SWCNT in dimethyl sulfoxide (DMSO). 97 A carboxyl-containing conducting oligomer, poly(pyrenebutyric acid), has also been synthesized by direct oxidation of pyrenebutyric acid in boron trifluoride diethyl etherate containing SWCNTs for non-covalent functionalization of SWCNTs. 98 The resulting hybrid can be well dispersed in THF, dimethylformamide (DMF), DMSO, and aqueous alkaline solution. Recently, a general strategy to disperse and functionalize pristine CNTs in a single-step process has been developed using conjugated block copolymers, which contain two blocks: a conjugated polymer block of poly(3-hexylthiophene), and a functional nonconjugated block with tunable composition. 99 When the pristine CNTs are sonicated with the conjugated block copolymers, the poly(3-hexylthiophene) blocks bind to the surface of debundled CNTs through the π-π interactions, stabilizing the CNT dispersion, while the functional blocks locate at the outer surface of CNTs, rendering the CNTs with desired functionality. Two novel phenylenevinylenes having cyanobiphenyl terminates have been successfully synthesized and characterized. 100 They have been found to form stable supramolecular complexes with SWCNTs through strong π-π interactions between the sidewall of SWCNTs and phenylenevinylene segment and wrapping around the SWCNTs, imparting excellent solubility in organic solvents.
Pyrene is electronically similar to graphite and various pyrene containing polymers have been investigated for dispersion of CNTs via π-π interaction. Pyrene-functionalized monomers have been used to construct well-defined block copolymers and very stable polymer layers on multi-walled CNTs (MWCNTs) have been found. Pyrene-functionalized polymers have been prepared from maleic anhydride copolymers. 101 The resulting polymers are water soluble and can form a strong non-covalent bonding with the nanotubes. A pyrene containing diblock copolymers based on poly(methyl methacrylate) have also been synthesized and their adsorption on CNTs has been investigated. 102 The length of the anchor block and the types of anchor units were optimized for the maximum adsorption and best dispersion. Pyrene-linked glycosides have been employed to non-covalently functionalize SWCNTs and MWCNTs. 103 These molecules can also be dissociated by tuning the solvent polarity. This reversibility could be useful as CNTs can be modified and regenerated in a controllable manner.
An amphiphilic molecule oligothiophene-terminated poly(ethylene glycol) (TN-PEG) was synthesized by Lee et al. (see Fig. 4 (I) for synthesis procedures), 104 and its ability to disperse and stabilize pristine CNTs in water has been examined. TN-PEGs can be adsorbed onto the CNT surface via strong π-π interaction, significantly enhancing the dispersion of CNT and increasing the long-term stability (Fig. 4(II) ). In addition, the TN-PEG with a longer thiophene unit can effectively disperse the CNTs in water as compared to that with a shorter one (Fig. 4(II) ). Yoo et al described an evaluation method of the binding affinity of polyaromatic hydrocarbons with the surface of CNTs using an HPLC column packed with an SWCNT-coated silica gel. 105 The results indicate that the shapes of the molecules also play a key role in the binding affinity. For example, linear-shaped polyacenes show a much higher affinity than the nonlinear counterparts due to the effective stacking along with the onedimensional CNT structure.
CNTs can also be non-covalently functionalized via the CH-π interaction. Xu et al used hyperbranched polyethylene (HBPE) to functionalize and solubilize MWCNTs in organic solvents such as chloroform and THF (see the scheme in Fig. 5(I) ). 106 helices were also observed depending on the symmetry and the diameter of the CNTs.
Permanent assemblies have been produced from mixed micelles of SDS and different waterinsoluble double-chain lipids after dialysis of the surfactant. The efficiency of various surfactants in dispersing SWCNT in water has been systematically studied. 109 The length and the shape of the alkyl chain are very important for the dispersion, and longer and more branched alkyl chains are better than linear and straight ones. polyvinyl sulphate, poly(sodium styrenesulfonic acid-co-maleic acid), dextran, and dextran sulphate (see Fig. 6 for the case of PVP). 112 The association between polymer and SWCNT is robust and independent of the excess polymers in solution. Such a wrapping by polymers has been explained thermodynamically and offers an alternative and new strategy for solution chemistry of pristine CNTs.
Pt-based NPs supported on non-covalent functionalized CNT
We reported a highly effective polyelectrolyte functionalization method for MWCNTs using PDDA. 67 PDDA is a water-soluble quaternary ammonium and strong polyelectrolyte.
During the functionalization process, NaCl salt is added to allow the PDDA chain to adopt a random configuration, thus leading to a high functionalization or wrapping of PDDA on MWCNTs, PDDA-MWCNTs (Fig. 7(I) ). The strong adsorption of the positively charged PDDA on MWCNTs is believed due to the π-π interaction between PDDA and the basal plane of graphite of MWCNTs. 113 Pt NPs are then in situ synthesized on the PDDA-MWCNTS via the self-assembly between negatively charged Pt precursors and positively charged functional groups of PDDA. This non-covalent polyelectrolyte functionalization not only leads to high density and homogeneous surface functional groups on MWCNTs, but also preserves the intrinsic properties of MWCNTs without damaging their surface structure for high loading of uniform and small Pt NPs (Fig. 7(II) ). The Pt/PDDA-MWCNT electrocatalyst shows a much higher electrocatalytic activity for the methanol oxidation than Pt NPs on acidtreated MWCNT, Pt/AO-MWCNTs electrocatalyst, and the conventional Pt/C catalysts ( Fig.   7(III) ). Pt/PDDA-MWCNTs can also be used as template to assemble Pt NPs on CNTs with wide range Pt NPs loading of 10-93 wt% with controlled particle size. 120 Aniline is adsorbed on CNTs via π-π interaction with amino group exposed to combine the Pt precursor.
The interaction still remains after the reduction of Pt precusor because of the electron pair of N and the vacant orbital of Pt. The Pt NPs supported on aniline-functionalized CNTs have a higher oxygen reduction activity than the conventional Pt/C catalyst.
Fang et al. reported an efficient and reproducible approach to fabricate a MWCNT
supported Pt NPs with high loading, using an anionic surfactant, SDS as functionalization agent. 121 The SDS-modified MWCNTs were used to synthesize high loading of Pt NPs through a urea-assisted process, followed by reduction in the presence of EG (Fig. 8(I) ). The urea provides an environment with an in-situ pH adjustment for homogeneous deposition.
The resulting Pt NPs are uniformly dispersed on SDS-MWCNT. A high loading of 60 wt% Pt was achieved due to the synergy of SDS, homogeneous deposition of Pt precursors and reduction of the precursor by EG (Fig. 8(II-a) ). The electrocatalyst with a Pt loading of 60% has a significantly better performance than commercially available Pt/C catalyst with the same catalyst loading (Fig. 8(II-b and c) ). Nakashima's group studied in details the polybenzimidazole (PBI)-functionalized CNTs as catalyst supports for fuel cells. 65, 123 The attraction of PBI as the functionalization agent is that PBIs are known to have excellent proton conductivity after acid doping. 124 The functionalization of PBIs on CNTs is primarily through π-π interaction. 125 The loading of PBIs wrapped on CNTs was as high as 23 wt%, forming a 2.1 nm thick layer on the surface of MWCNTs. Pt NPs with average particle size of 4.0 nm were uniformly dispersed on the outer wall surface of CNTs and showed a peak current density of 480 mA mg -1
Pt for the methanol oxidation reaction in acid solution . The proton conductivity of Pt supported on PBIs-CNTs electrocatalysts can be increased by acid doping, enhancing the power output of the fuel cells. 126 An interesting extension of the PBI-functionalized CNTs is the application of KOH doped Pt/PBIs-CNTs as electrocatalysts for anion exchange membrane fuel cells. 127 The KOH doping was carried out by immersing the Pt/PBIs-CNTs catalysts in a 6 M KOH solution. The KOH doped PBI-wrapping layers around the CNT surfaces function as a hydroxide-conducting path (Fig.9a) . The membrane-electrode-assembly (MEA) cells based on KOH doped Pt/PBIs-CNTs anode and cathode catalysts and an anion exchange membrane showed a maximum power density of 256 mWcm -2 , significantly better than that of standard MEA (Fig.9c) . It is considered that the high hydroxide conduction of the KOH-doped PBIs functionalized on CNTs plays a key role in the high fuel cell performance. The new multi-component catalyst was synthesized by self-assembly of HPW on CNTs via the electrostatic attraction between negatively charged HPW and positively charged PDDA-wrapped CNTs, followed by dispersion of Pd NPs onto the HPW-PDDA-CNT assembly (see Fig.10(I) ). 128 The Pd catalysts are characterized by uniformly distributed Pd NPs on HPW and PDDA co-functionalized CNTs (Fig.10(III) ). HPW in the composite catalysts can act as an effective electron mediator and source of mobile protons at the electrocatalytic interface as has been reported elsewhere. Fig.10(II) ). Here we will only focus on the well-studied binary alloy NPs supported on non-covalent functionalized CNTs. For other complex NPs such as ternary alloy NPs and core/shell nanoarchitectures, readers are recommended to refer to reviews on metal nanostructures/nanoarchitectures.
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Among the Pt-based binary NPs, PtRu alloy NPs are the most widely studied electrocatalysts for the methanol oxidation reaction due to the combination of bifunctional and electronic mechanism of Ru for enhancing electrocatalytic performance. [138] [139] [140] [141] [142] Kuang et al. modified CNTs with 1-pyrenecarboxaldehyde (PCA) via π-π interaction between CNTs and PCA as supports for the deposition of PtRu NPs. 143 PCA not only serves as the reductant for the in-situ formation of PtRu NPs, but also stabilizes the PtRu NPs on CNTs by the oxidation product of PCA. The PtRu/PCA-CNT catalysts exhibit higher electrocatalytic activities and better stability towards the methanol oxidation as compared to PtRu NPs supported on pristine CNTs. The same group has also functionalized CNTs with a perylene derivative, 3, 4, 9, 10-perylene tetracarboxylic acid. 144 The PtRu NPs supported on functionalized CNTs have a much better catalytic activity and stability toward the methanol oxidation than that supported on acid oxidized CNTs. Wu et al. functionalized CNTs with chitosan, which is a polycation with a high film-forming ability and good proton conductivity. 145 Chitosan functionalization not only disperses CNT, but also introduces functional groups such as NH 2 and OH groups for the attachment of metal NPs. Very fine PtRu NPs were grown uniformly on the modified CNTs and showed significantly enhanced activity toward the methanol oxidation reaction.
Water soluble heteropolyacids (HPAs) such as HPMo and HPW can be self-assembled on the chitosan (CS) functionalized CNTs to enhance the electrocatalytic activity and stability of supported PtRu NPs. 146 The onset and peak potential for CO ad oxidation on PtRu/HPAs-CS-CNTs catalysts are more negative than that on PtRu/AO-CNTs, indicating that HPAs facilitate the electro-oxidation of CO. The PtRu/HPMo-CS-CNTs catalyst has a higher electrocatalytic activity for methanol oxidation and higher tolerance toward CO poisoning than that of PtRu/HPW-CS-CNTs. The better electrocatalytic enhancement of HPMo on PtRu/HPAs-CS-CNTs catalyst is most likely related to the fact that molybdenum-containing HPAs such as HPMo have more labile terminal oxygen to provide additional active oxygen sites while accelerating the CO and methanol oxidation in a similar way to that of Ru in the PtRu binary alloy system. HPMo self-assembled on CNTs followed by decomposition has been used to synthesize highly dispersed MoOx/CNTs as an effective support for Pt NP electrocatalysts for the methanol oxidation reaction with significantly enhanced activity and stability. 147 PtSn alloys have been demonstrated to enhance the ethanol oxidation reaction. 148 Our group developed a facile method to functionalize MWCNT with THF, a commonly used solvent. 49 THF may interact with CNT through CH-π interaction. Furthermore, the oxygen atoms in THF are accessible to attract PtCl 6 2-and Sn 4+ (Fig. 11(I) ). This concept has been demonstrated by uniform growth of Pt and PtSn on THF functionalized MWCNT ( Fig.   11(II) ). The formation of PtSn binary NPs has been demonstrated by the increase of lattice parameter of PtSn/MWCNTs with increasing in the Sn content. The catalyst shows a high and tunable electrocatalytic activity for the ethanol oxidation with excellent stability for fuel cells (Fig. 11(III) ).
We also explored the non-covalent functionalization method to immobilize water soluble HPW on Pt/C NPs via the electrostatic interaction between the negatively charged HPW and the positively charged functional groups of CS which has been attached to Pt/C NPs to provide positively charged sites for the self-assembly of HPW. 74 The results indicate that HPW assembled on CS-functionalized Pt/C is very stable and Pt/C-CS-HPW catalyst has a higher utilization efficiency as compared to that of pristine Pt/C catalyst. Electrochemical activity of Pt/C-CS-HPW catalysts for methanol oxidation and oxygen reduction reaction (ORR) is significantly higher than that of Pt/C catalysts without assembled HPW. The Both Pt and Pd have a face centered cubic structure with almost the same unit cell length, and therefore they can easily form an alloy. 149, 150 Ghosh et al. have explored the decoration of MWCNT with Pt-Pd alloy using the non-covalent polymer assisted impregnation. 150 The composition of the catalyst can be controlled by tuning the molar ratio of the precursors during impregnation. The Pt 46 Pd 54 catalyst has a superior electrocatalytic activity and durability toward the ORR with a very high tolerance toward methanol contamination.
Interaction between functionalization agents, Pt NPs and CNTs

Effect of functionalization agents
The electrocatalystic activity of Pt NPs is also affected by the nature of functionalization agents. We investigated the effect of polyelectrolytes on the electronic structure of Pt NPs on polyelectrolyte functionalized on CNTs. 114 The spectroscopic and electrochemical characterization as well as DFT calculation revealed that polyanions such as PSS and PAA with electron-rich functional groups would donate electrons to Pt atoms which cause an increase in the electron density around Pt atoms and downshift d-band center of Pt (see CNTs exhibited significantly higher electrocatalystic activity and stability for the methanol oxidation reaction as compared with PtRu supported on THF-CNTs and conventional acidtreated CNTs. PEI is a cationic polymer with repeating unit composed of the amine group and two carbon aliphatic CH 2 CH 2 spacers. 1-AP contains amino groups while PDDA is a watersoluble quaternary ammonium polyelectrolyte. THF is an oxygen-containing heterocycle with five-membered rings and no nitrogen-containing groups. The assembly of the PEI on CNTs would be strong due to the high molecular weight and the electrostatic attraction between the positively charged PEI and negatively charge CNTs, resulting in the attachment of large amount of N-containing amine group on the outer surface of CNTs. PDDA is also a cationic polymer with N-containing repeating unit, but the π-π interaction with the CNTs surface primarily occurs through the 2-3% of unsaturated contaminant in the PDDA chain. 153, 154 This may limit the attachment of N-containing functional groups to the surface of CNTs. In the case of 1-AP, the interaction with CNTs is via π-π stacking. However, due to the bulk size of benzene rings, the attached nitrogen functional groups on the surface of CNTs would be expected to be smaller than that of PEI but higher than that of PDDA. Figure 13 shows schematically the assembly of PEI, 1-AP and PDDA on the outer wall surface of CNTs. 
Interaction between Pt NPs and CNTs
The interaction or bonding between the Pt NPs and CNTs also play an important role in the electrocatalytic activity of supported Pt-based NPs. Zhou et al. investigated the interaction between Pt NPs and CNTs using X-ray absorption near edge structures (XAENES). 159 They showed that the crystalline Pt NPs interact with CNTs through synergic binding involving charge redistribution between C 2p-derived states and Pt 5d bands due to the presence of unsaturation in the graphene sheets (delocalized π orbitals). Such bonding scheme would facilitate the uniform dispersion and immobilization of Pt NPs on the CNT surface, which would prevent lateral diffusion of Pt NPs under fuel cell operating conditions.
The inner tubes of CNT support could also play an important role in the electrocatalytic activity of supported Pt-based NPs. We reported recently that pristine CNTs show a distinctive volcano-type dependence of electrocatalytic activity for the O 2 evolution reaction (OER) in alkaline solutions as a function of number of concentric tubes or walls and the highest activities are observed on CNTs composed of between 2-7 concentric tubes or walls. 160 Further studies showed that the Pd NPs supported on THF-functionalized CNTs for the ethanol oxidation reaction in alkaline solutions also show distinctive volcano-shaped dependence on the number of walls of CNTs (see Figure 14) . 161 In this study, Pd NPs with diameter of 2.1 to 2.8 nm were deposited uniformly on THF-functionalized CNTs via selfassembly route with no agglomeration. 49 The best activity was observed on Pd NPs supported on triple-walled CNTs (TWCNTs), similar to that observed for the OER on pristine CNTs in alkaline solution. 160 Similar to OER on pristine CNTs, the adsorption and migration or diffusion of oxygen-containing species, OH ads , on the outer wall surface of CNTs would lead to the fast stripping of ethoxi and CO species via the interaction with OH ads , releasing acetate as final product. 162 The The results show that the catalytic activity of Pt/CNTs for methanol oxidation, ORR and CO oxidation reactions increases with the Pt loading, following a characteristic S-shaped profile.
Based on the concept of interconnectivity of Pt NPs defined as the ratio of the total number of interconnections between particles divided by the total number of particles involved ( Fig.15(I) ), the electrocatalytic activities of Pt/CNTs catalysts show the linear dependence on the interconnectivity (Fig.15(II) ). The magnitude of the interconnectivity of Pt NPs is a critical factor influencing their electrocatalytic activity, and the interconnected Pt NPs are more active than the isolated Pt NPs. The high electrocatalytic activity of interconnected Pt
NPs is related to the increased active intergrain boundaries. These grain boundaries provide large number of defect sites and generate discontinuities in the crystal planes of interconnected Pt NPs in Pt/CNTs, providing active sites for CO removal, methanol oxidation and O 2 reduction reactions.
Summary
Non-covalent functionalization is one of the most effective methods to surface modification of CNTs without detrimental effect on the characteristic π-electron system, the physical and structural integrity of CNTs. Figure 13 . Schematic of the assembly and functionalization of PEI, 1-AP and PDDA on the surface of CNTs (after ref. 152 Reproduced with permission). Pd loading was 0.05 mg cm -2 (after ref. 161 Reproduced with permission). The number on the spherical particle represents the number of interconnected particles with the particle concerned; and (b) dependence of interconnectivity and size of Pt NPs of Pt/MWCNTs catalysts on Pt loadings. II. (a) Plots of the mass specific activity for the methanol oxidation reaction and the peak CO stripping potential as a function of the interconnectivity of Pt NPs on MWCNTs; (b) plots of the half-wave potential for ORR as a function of the interconnectivity of Pt NPs on CNTs (after ref. 17 Reproduced with permission).
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